and are subject to significantly greater potential evaporation (E p ). Located in northwest China's desert climate zone, the Xinjiang district produces almost two-thirds (62.5% and 67.3% in 2015 and 2016, respectively) of China's total cotton production (China Agriculture, 2016) but at the cost of the agricultural sector accounting for 96.2% of the region's total water usage (Karthe et al., 2015) . Given agricultural productivity's strong dependence on water availability, irrigation management is a critical practice in desert climate agroecosystems. Largely based on farmer's confidence and experience with traditional irrigation methods, approximately 40% of fields in the Xinjiang district receive flood irrigation (Zhou et al., 2013) , potentially resulting in substantial deep seepage losses and inefficient use of water resources. It is therefore critical to optimize water resource use by improving the cotton production process in terms of water use efficiency (WUE) .
An accurate assessment of crop water requirements is an indispensable component in developing irrigation schemes that optimize water use. Crop water requirements can be measured using weighing lysimeters and water balance methods, but such methods are laborious and time-consuming. Liu et al. (2006) conducted a cotton irrigation experiment in Weili County, southern Xinjiang, and reported a cotton crop water requirement of 640 mm during the growing season, whereas Cai et al. (2002) found cotton water requirements to be about 380 mm in Shihez, northern Xinjiang. However, each of these measurements was based on a single cropping year. Another experiment on a cotton plantation was conducted in Cele (data used in this study) over a longer period (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ; however, irrigation water requirement was not one of the factors investigated in that experiment, and the cotton crop could have suffered from water stress.
Agricultural system models are promising tools for simulating water balance and can be used to estimate potential evapotranspiration (ET p ), in other words, long-term crop water requirements under no water stress conditions. The Root Zone Water Quality Model 2 (RZWQM2) is a processing model incorporating energy, water and nutrient equilibrium, plant growth, pesticide processes, and agricultural management components that has performed well in simulating WUE and crop productivity (Ahuja et al., 2000) . Using this model, Qi et al. (2013) estimated growing season ET p for spring wheat (Triticum aestivum L.) grown in Sidney, Montana, to be 558 mm and suggested that an additional 323 mm of irrigation water should be applied to meet the crop's water consumption in this region. Ma et al. (2012b) applied a parameterized RZWQM2 model to simulate maize responses to irrigation amounts representing specific percentages of estimated crop ET p and demonstrated the feasibility of using the model to schedule irrigation based on crop water requirements. Fang et al. (2010) evaluated RZWQM2 in simulating crop yield and soil water balance responses to different irrigation treatments and investigated irrigation strategies to reach high yield and WUE based on model simulation. This model has been well evaluated in terms of simulating water balance and crop production in many previous studies in many different field conditions. When used for simulating various variables (e.g., crop production, energy balance, water stress, and crop response to climate change under full and deficit irrigation) for conditions prevailing in Colorado (Qi et al., 2016) , the RZWQM2 model showed itself capable of estimating the effects of water stress on yield, water and energy balances. The model was also used to develop new crop cultivars (Ma et al., 2017) . In the U.S. Central Great Plains, Saseendran et al. (2013) employed RZWQM2 to simulate the long-term yield responses of several plants under various levels of soil available water at planting and then used the results to assess the potential to increase cropping frequency in a wheat-fallow rotation system. Their results showed RZWQM2 to be accurate in simulating soil moisture, crop production, and water balance; however, RZWQM2 has never been evaluated under an extremely arid climate. Accordingly, in the present study, the model was evaluated against data collected from an extremely arid oasis in Xinjiang.
Water stress as simulated using RZWQM2 can potentially be used to trigger irrigation, thereby informing the development of an optimal irrigation schedule. Fang et al. (2007) demonstrated that wheat grain yield and WUE were significantly affected by crop water stress. Bausch et al. (2011) employed the ratio of stressed to non-stressed canopy temperature to quantify crop water stress. However, this method requires the co-existence of both full and deficit irrigation treatments. A recent study showed that water stress and crop yield response to water stress can be accurately simulated using a well-calibrated RZWQM2 model (Qi et al., 2016) and that these could, in turn, serve in irrigation scheduling, resulting in water savings for a corn field in Colorado (Gu et al., personal communication, 2017) . Because no well-defined irrigation scheme exists for cotton cultivation in Xinjiang, the present study was designed to (1) evaluate the applicability of RZWQM2 in simulating soil moisture, cotton yield, phenology, and water balance under extremely arid condition, and (2) develop an optimal irrigation strategy based on simulated crop water stress using the calibrated RZWQM2 model.
MATERIALS AND METHODS

SITE DESCRIPTION AND MEASUREMENTS
Located in a warm temperate continental desert climate district situated in the center of the Eurasian continent (36°59′ N, 80°48′ E), the Cele oasis constitutes an extremely arid environment, with sparse precipitation, adequate light, a large diurnal temperature range, but also a long frost-free period (210 days) conducive to the growth of various crops, and relatively abundant light and heat resources (Zeng, 1999) . The long-term mean air temperature is 11.9°C, and the percentage of available sunshine days exceeds 60%. The main type of surface soil in the oasis farmland is sandy loam soil (classification standard defined by USDA) (Zeng et al., 2010) . Cotton fields in the Cele district are irrigated with Cele River floodwaters or underground water (Li et al., 2011) .
The long-term ) mean precipitation at the Cele oasis meteorological station is 37 mm year . The high potential evaporation capacity and limited precipitation often lead to low soil moisture (θ) conditions. Agriculture is the main economic driver in the Cele oasis ecosystem region, with agriculture accounting for 65.63% of the total economic output in this area. Cotton is one of the most important cash crops in the Cele oasis.
The rectangular experimental plot measures 150 m (north-south) ×140 m (east-west) and was planted with cotton. Planting density was 23 to 45 plants m -2 with a maximum plant height of approximately 75 cm and rooting depth of 100 cm. The experimental field was equipped with neutron probe (CNC100, Probe Science and Technology Ltd., Beijing, China; previously calibrated for the studied soil) access tubes to measure volumetric θ. Two access tubes were installed in this field along the east-west center line. Each tube was about 35 m from the edge and the center of field, representing one side of the field. Volumetric water content (θ) was measured every 0.10 m to a depth of 0.60 m and then every 0.20 m to a depth of 1.00 m every five days from 1 January 2007 to 31 December 2013. Measured θ values from the two tubes were averaged to represent the soil water in the research field, where the water table depth exceeded 15 m, so groundwater had little if any impact on θ in the upper layers of the agricultural soil (Gui et al., 2009) .
The timing of phenological stages of cotton and estimation of seed yield were conducted in this field during the growth period and after harvest, respectively, during every year from 2006 to 2013. The cultivars Ceke No. 1 and Xinlu No. 21 were grown in 2006-2011 and 2012-2013 , respectively. Field management information, such as planting and harvest dates, fertilization, and irrigation data, were also recorded. Flood irrigation was used in this field, and ridges were made in this field for more uniform application of flood irrigation. The timing and amounts of irrigation are listed in table 1. Meteorological data, including air temperature, wind speed, radiation, pan evaporation, relative humidity, photosynthetically active radiation (PAR), and rainfall were collected hourly at a meteorological station situated 20 m away from the research site. To determine yield, cotton in four randomly selected 1.0 m × 1.0 m squares was sampled. Total cotton, separated fiber, and seed were dried at 60°C for three days prior to weighing. Only the seed yield was used to calibrate and validate the model.
RZWQM2 DESCRIPTION
RZWQM2, developed by USDA Agricultural Research Service (ARS), is a one-dimensional model that includes modules for hydrology, energy balance, water quality, and crop growth. It has gained wide popularity in developing and evaluating management practices (Ma et al., 2012a) . The DSSAT crop models were incorporated into RZWQM2 to better simulate crop growth and development (Jones et al., 2003; Ma et al., 2006a Ma et al., , 2006b ). More functions have been incorporated into RZWQM2 over the years, and the model can now be applied in simulating evapotranspiration, infiltration and soil water redistribution, subsurface drainage, organic matter and nutrient (N) cycling, as well as the fate and transport of pesticides. Ma et al. (2012b) verified the feasibility of applying RZWQM2 in simulating the response of maize growth to irrigation in Colorado; they concluded that the parameterized RZWQM2 was capable of simulating crop growth under different irrigation treatments, and the results could be used to schedule irrigation. Sassendran et al. (2010) used RZWQM2 to predict the rotation effect on crop production under semiarid conditions based on 14 years of observations of crop yield and biomass in a wheat-corn-millet rotation system. Qi et al (2013) quantified the influences of management practices on soil moisture and crop production based on the simulation results of RZWQM2 and extended the application to different meteorology and management conditions.
In order to simulate water transport in RZWQM2, water flow has been divided into two phases. The infiltration from rainfall or irrigation is modeled based on the Green-Ampt approach (Ahuja et al., 1995) :
) τ c = capillary suction head (cm) H 0 = depth of ponding (cm) Z wf = depth of wetting front (cm). The water redistribution in the soil profile after infiltration is calculated with the Richards equation (Celia et al., 1990) :
where θ = volumetric soil water content (cm
RZWQM2 uses ET modeling to predict daily potential evaporation on a bare soil surface and canopy transpiration based on minimal surface resistances (Farahani and DeCoursey, 2000) . The canopy and bare soil surface are divided into two layers in the ET model (Farahani and Ahuja, 1996) , and the sum of latent heat for transpiration (λT) and evaporation (λE s ) is regarded as potential evapotranspiration, which is estimated by the ET model using a revised form of the Penman-Monteith (P-M) ET equation (Shuttleworth and Wallace, 1985) , written as:
In equation 3, λT and λE s can be expressed as:
where R n , G = net radiation and soil heat flux, respectively (W m ).
MODEL INPUT, CALIBRATION, AND VALIDATION
RZWQM2 was executed using hourly meteorological data from 2007 to 2013. Other input data included soil property data (bulk density and soil particle distribution) and field management data (crop planting, irrigation, and fertilization). The initial values for the soil hydraulic parameters were estimated based on soil texture and bulk density (Schaap et al., 1998) , and the range for each parameter based on sandy loam is given by Rawls et al. (1982) . Subsequently, those parameters were calibrated manually against observed θ in different layers. The θ data for the years 2009, 2010, and 2013 were used for calibration, and the data for the other years were used for validation. The soil property information together with calibrated soil hydraulic parameters are listed in table 2.
Crop growth and development parameters were manually calibrated against observed phenology dates and yield (2006 to 2013) following the protocol suggested by Ma et al. (2011) . Data for 2009, 2010, and 2013 were chosen for calibration, and the other years were used for validation. Available plant development-related data included planting date, flower emergence date, flowering date, boll cracking date, and harvest date. The two cultivars planted (Ceke No. 1 and Xinlu No. 21) were simulated using the initial parameters of HO0001 ACALA SJ-2CDM and GA0002 Georgia King in the incorporated DSSAT crop models, respectively. The crop parameters were manually calibrated against observed phenological dates and yield. The calibrated crop parameters for the two cultivars are listed in table 3.
Because there was no field-observed cotton ET with which to evaluate the model-simulated actual ET, the cotton ET was estimated based on the neutron probe measured soil water depletion over the effective root zone soil depth. The following equation was applied to calculate cotton ET (mm) (Jensen et al., 1990) :
where n = number of soil depth increments (mm) θ 1 and θ 2 = volumetric soil water content on two separate Table 2 . Observed bulk density, soil texture, and calibrated soil hydraulic parameters.
[a] [a] ρ = bulk density; sand, silt, and clay fractions are based on USDA particle size ranges; K sat = soil saturated hydraulic conductivity; λ = Brooks-Corey pore size distribution index; p b = bubbling pressure; θ sat = saturated soil moisture content; θ fc* = soil moisture at field capacity, sandy soil; θ fc = soil moisture at field capacity, standard soil; θ pwp = soil moisture content at permanent wilting point; and θ r = residual water content. ) ΔS i = thickness of each depth increment (mm) I = depth of irrigation applied between the two sampling dates (mm) R = depth of precipitation occurring between the two sampling dates (mm). The maximum effective root zone soil depth was assumed to be 1.8 m (Bucks et al., 1988) , and we also assumed that there was no deep seepage beyond 1.8 m soil depth. Other details are described by Hunsaker et al. (1994) .
In this study, percent bias (PBIAS), coefficient of determination (R 2 ), Nash-Sutcliffe model efficiency (ME), and root mean squared error (RMSE) were applied to evaluate the performance of the model simulation for soil water content, while for cotton yield the relative error (rRMSE) was also used:
O RSME rRSME =
where n = total number of items in the data set O and S = average measured and simulated values, respectively O i = ith measured value S i = ith simulated value. Model performance is considered acceptable if -15% < PBIAS < 15%, R 2 > 0.70, ME > 0.5, and rRMSE < 30% (Hanson et al., 1999; Ahuja et al., 2000; Moriasi et al., 2007) . For soil water content, the above statistics were compared with values from other similar studies. We chose the years 2009, 2010, and 2013, with relatively high production, for calibration and used the other years for validation. For the phenology dates, only the differences between simulated and observed dates were compared.
CROP WATER REQUIREMENT
The ET p simulated by the calibrated RZWQM2 model during the growing season (from planting to 90% open boll) was treated as the crop water requirement. The water balance components, including soil evaporation, plant transpiration, and deep seepage, were analyzed to investigate soil water loss under flood irrigation.
WATER STRESS BASED IRRIGATION SCHEDULING
The optimum irrigation schedule was generated using the calibrated RZWQM2 model, and the simulated water stress index was used to trigger irrigation. That is, when the model predicted any water stress, irrigation was applied to relieve the water stress, and the application rate was computed by the model to replenish the soil to θ fc . The water stress index used was the turgor factor (TURFAC) which is generated by the DSSAT-CSM crop growth model embedded in RZWQM2. TURFAC describes the level of plant water stress and relates to the expansion of plant leaf cells. It is calculated as (Saseendran et al., 2014 (Saseendran et al., , 2015 :
where T p SW = potential transpiration computed using the Shuttleworth-Wallace method in the model (mm) RWU = DSSAT potential root water uptake (mm) RWUEP1 = species-specific parameter used for evaluating water stress impact on expansion growth of cells (set at 1.5 for cotton). Water stress occurs when RWU (supply) is not sufficient for crop T p SW (demand) estimated by the Shuttleworth-Wallace model. The value of TURFAC ranges from 0.0 (zero) for a fully water-stressed condition, to 1.0 for a water stressfree condition. Once water stress has occurred, the quantity of water to apply was calculated as: ) IR t 0 = irrigation water supply required on the day of irrigation (t 0 ) (mm) D j = delineated jth soil layer depth (mm) N = number of layers in the root zone from the soil surface to the rooting depth on the day of irrigation. According to simulations run for irrigation treatments observed in the field, the growth of cotton almost ends after the "90% open boll" growth stage is reached. Under optimal irrigation scheduling, water application ends after the simulated "90% open boll" occurs. Irrigation applied prior to the planting date (pre-irrigation) was kept unchanged in the optimization. The minimum irrigation depth for each event was set to 50 mm, a practical number for flood irrigation in this sandy soil area.
To facilitate the optimization process, a Java program was developed to run the model automatically and then extract the simulated results and derive irrigation events before "90% open boll" in DSSAT using the method described. The Java program then wrote the derived irrigation event into the RZWQM2 input file automatically and ran the model again.
This process was repeated until no water stress occurred before "90% open boll".
Irrigation water use efficiency (IWUE), representing the effectiveness of irrigated water in generating yield, was calculated as (O'Shaughnessy et al., 2012) :
where I w = amount of irrigation water (mm) IWUE = irrigation water use efficiency (kg ha ). The water savings ratio, yield increase, and IWUE increase under irrigation management (vs. rainfed production) were calculated as follows:
where ΔI, ΔY, and ΔIWUE = irrigation water savings ratio (%), yield increase (%), and IWUE increase (%), ), respectively, simulated as occurring under the water stress-based irrigation method.
RESULTS AND DISCUSSION
SOIL WATER AND CROP GROWTH SIMULATION
The statistical parameters used to evaluate model performance in simulating θ are presented in table 4. For all soil layers, the simulated θ showed an acceptable level of agreement with observed data in both calibration and validation (PBIAS < ±15%, 0.378 ≤ R 2 ≤ 0.615, 0.314 ≤ ME ≤ 0.557, and 0.023 ≤ RMSE ≤ 0.033 for calibration, and PBIAS < ±10%, 0.500 ≤ R 2 ≤ 0.636, 0.130 ≤ ME ≤ 0.448, and 0.022 ≤ RMSE ≤ 0.026 for validation). Although these statistics did not meet the "satisfactory" criterion, particularly for the top layers, given the difficulty in simulating soil water content, our results are comparable to those obtained from research conducted on the North China Plain (Fang et al., 2014a) , where the statistics were -0.44 ≤ ME ≤ 0.25 and 0.30 ≤ R 2 ≤ 0.66 across different layers, and the results from Fang et al. (2014b) , where ME varied from -2.263 to 0.203. The rRMSE for different soil layers was mostly "satisfactory" and varied from 0.183 to 0.525.
Because there was no recharge from groundwater, precipitation and irrigation were the main sources of moisture in this district. For the upper soil layers, simulated θ values tended to have sharper peaks ( fig. 1) , which may because of lower θ fc (table 2) and therefore less water storage. The θ showed a roughly increasing trend within each soil increment from the surface to 1.00 m depth, indicating better water retention capacity in the deeper soil profile. Such results have also been observed and explained by Li et al. (2011) , whose study was conducted on neighboring farmland.
With the exception of the emergence dates, simulated dates for phenological stages (table 5) were, in general, within four days of the observed dates. The simulated results for the "flowering" and "bolls cracked" dates were satisfactory, with average deviations of -3.9 days and 0.9 day, respectively. Simulated emergence dates were on average six days later than the observed dates. This can be explained by the fact that the plastic mulch accelerated germination through heat conservation, whereas RZWQM2 is not yet able to simulated mulching. Notably, in 2006 and 2011, the simulated flowering dates were significantly earlier than the observed dates, which may be the result of an inaccurate assessment of phenological stages in those years.
The cotton seed yield was, in general, adequately simulated (PBIAS = -0.0249, R 2 = 0.79, and ME = 0.75) from 2006 to 2013. The RMSE and rRMSE values for yield simulation were 417.0 kg ha -1 and 12.5%, respectively, similar to those reported by Anapalli et al. (2016) , where the RMSE and rRMSE were 333 kg ha (table 7) . Moreover, the total depth of irrigation in 2008 was 36 mm, which is much lower than in other years. Although no observations of water stress were made, presumably a crop growing under a relatively high water stress would [a] Obs. = observed mean (m 3 m -3 ), Sim. = simulated mean (m 3 m -3 ), PBIAS = percent bias, R 2 = coefficient of determination, and ME = Nash-Sutcliffe model efficiency.
show a significant yield loss. The fact that the simulated yield reduction in 2008 was not as great as that observed may suggest that the modeled response of cotton yield to high water stress needs further investigation. In general, the results indicated that RZWQM2 was capable of simulating crop phenology and yield under the extremely arid climate at the research site.
Based on the statistics in figure 2 , the model slightly underestimated evapotranspiration during the cotton growing season, with a percent error of -1.3%. Relatively larger diferences can be noticed in the years with higher production: 2010 (-9.8%) and 2013 (-10.8%). These evaluation statistics are comparable to the research by Thorp et al. (2014) , in which absolute error varied from -42 to +63 mm and percent error varied from -6% to +7% in different experiments, indicating that the simulated results can be applied to estimate cotton water requirements and optimize irrigation practices.
SIMULATED CROP WATER REQUIREMENT
The model-simulated water balance components (table 7) , excluding surface runoff, which was zero for all the years due to the oasis soil's sandy texture and high K sat (table 2) , show irrigation to be the main water input, a large portion of which is lost to ET. Crop water requirements, which are equivalent to ET p , were 641 mm during the cotton growing season. Although the field-observed ET was not recorded to perform the validation, this simulated cotton water requirement is comparable to the results from research conducted in south Xinjiang, where the water demand of cotton was 625 mm (Liu et al., 2006) . Under crop management conditions based on farmer experience, about 496 mm of water was applied. Taking the mean growing season rainfall of 33.5 mm into account, an additional 109 mm water should be applied to meet the crop water requirement. According to the simulation, under current flood irrigation practices, a substantial quantity of water (94.1 mm year -1 on average, or 17.8% of the overall water supply) is wasted through deep seepage.
The simulation showed a reasonable cotton water requirement compared to other studies. From the analysis of water supply, the simulated ET a for the crop growing period represented from 67.9% to 98.3% of ET p , with an average of 79% (ET a = 508 mm). In the present study, there were more substantial differences between ET p and ET a in the first three years (2006) (2007) (2008) , when water stress was suspected. The relatively lower observed yield and the simulated lower ET a to ET p ratio confirmed this suspicion. In contrast, the years with higher production had relatively lesser differences between ET p and ET a , suggesting that the applied water may have closely met the crop water requirement. 
Year
Water Balance Parameters (mm) [a] The simulation further suggests that, although rainfall was consistently low over all years, variation in other climate factors (e.g., solar radiation and relative humidity) may result in significantly different crop water requirements in an extremely arid climate. In 2006, for example, the irrigation depth was greatest among all years, whereas the yield was not correspondingly high, indicating that the quantity of irrigation alone did not meet crop water requirement, which was also greatest among all years. The simulation also justifies the idea that if a long-term field experiment is not available, a long-term simulation is likely to be more reliable than a one-year field study for determining crop irrigation requirements.
OPTIMUM IRRIGATION SCHEDULING
A water stress-based irrigation scheduling method based on RZWQM2-simulated water stress was applied to optimize the irrigation schedule. The original field records and optimized data are presented in table 8 and figure 3. In general, the irrigation optimization approach suggests that applying 616 mm water to the cotton crop over the growing season allowed the crop to achieve its highest yield potential (3.777 Mg ha -1 ). The optimized irrigation treatment resulted in almost the same yield as the current practice in 2006, 2010, 2012, and 2013 and provided 26.5% and 42.3% greater yields in 2011 and 2008, respectively . The quantity of model-suggested irrigation water applied was lower than the amount applied under current practices in 2012 and 2013 (-22.9% and -2.6%, respectively) but higher in 2007 (+14.9%) and 2008 (+32.5%). Across all eight years, optimized irrigation resulted in an increase in IWUE ranging from 2.4% (2013) to 50.9% (2009), with a mean increase of 22.2%. Even for years with no yield increase or water savings under optimized irrigation, IWUE was improved (table 8), indicating that the current irrigation management either applied insufficient water, resulting in yield loss, or applied more water than the crop required to obtain a high yield. The water stress-based method proved to be an efficient way to schedule (based on a calibrated RZWQM2 model) high-yield and water-saving irrigation.
With 59 irrigation events under the water stress-based method ( fig. 3 ), compared to 47 events under the current practice, water stress prior to the "90% open boll" stage was eliminated in all eight years. Although the irrigation frequency was higher with the water stress-based method (i.e., an average of eight extra irrigation events per year), the water applied during each event was decreased to only the amount (>50 mm) required to replenish the soil in the root zone to θ fc . This amount ensured the crop water requirement while minimizing deep seepage. The water quantity at each event under the current irrigation practice was apparently greater than the capacity of the soil in the root zone; therefore, excessive irrigation water was wasted through deep seepage.
For the years 2006, 2010, 2012 and 2013 , yields remained largely unchanged when shifting from the current practice to water stress-based irrigation scheduling (table 8) , In those years, crop water stress under current irrigation management occurred just before the "90% open boll" stage, so any yield change might have been caused by the interactive effects of water and nitrogen stresses. Irrigation is required in extremely arid areas like Xinjiang, with a limited water supply, to avoid the occurrence of crop water stress. To derive an optimal irrigation management strategy that both minimizes water consumption and allows an acceptable yield, growers should be able to precisely estimate current θ and crop growth conditions, including whether the crop is under water stress or nitrogen stress, what the current growth stage is, etc. By applying the calibrated RZWQM2 model, crop water stress, soil moisture conditions, and crop growth can be estimated accurately, and this information can be applied to derive an optimum irrigation schedule for this area in the future.
In the analysis of potential evapotranspiration, 109 mm more irrigation was recommended to meet 100% of the crop water requirement, while the water stress-based irrigation scheduling method saved irrigation by decreasing the water lost through deep seepage from 94.1 to 26.2 mm (table 9) . The other parameters in the water balance equation did not vary much before and after applying the water stress-based scheduling method. On average, the water stress-minimizing RZWQM2 irrigation schedule resulted in an apparent water savings of 32 mm year -1 and an annual yield increase of 527 kg ha -1
. Irrigation scheduling using a water stress-based method can be used to optimize water use and cotton production.
CONCLUSIONS
To obtain an optimum irrigation schedule for cotton under an extremely arid desert oasis climate, the performance of RZWQM2 was evaluated in simulating soil water content, crop production, and crop phenological stage against fieldobserved data from the Cele oasis-desert transition zone in Xinjiang, China. The cotton yield and phenology dates were in general satisfactorily simulated by the RZWQM2 model. The model performance under this climate can be deemed acceptable when compared to studies conducted in other regions. The simulated water balance showed that the cotton crop water requirement was 641 mm, and an additional application of 109 mm of irrigation, compared to the current farmer-directed irrigation of 500 mm, was needed to meet the crop water requirement under an average rainfall of 33.4 mm year -1
. The simulation also suggested that current irrigation practices may result in a 94.1 mm loss of water through deep percolation. The irrigation schedule was optimized using model-simulated cotton crop water stress. The optimum irrigation schedule thereby derived could increase crop yield and irrigation water use efficiency by 16.3% and 22.2%, respectively, while reducing water application by 4.9%, compared to current irrigation management. This study demonstrated the model to be capable of simulating irrigated cotton production under an extremely arid desert oasis climate, and the model-simulated water stress could be used as a sufficient parameter for optimizing irrigation water use. It is further suggested that RZWQM2 could prove a useful tool for regional water planning, given its accurate simulation of crop water requirements. [a] ΔS = change of soil water storage in soil profile; P = cumulative precipitation; I = cumulative irrigation; D s = cumulative deep seepage out of soil profile; E a = cumulative actual evaporation; T a = cumulative actual transpiration; and ET a = cumulative actual evapotranspiration. 
